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ABSTRACT
An increased understanding of shock buffet instability
on transonic wings is essential in order to design effec-
tive control mechanisms for delaying this phenomenon.
This paper presents a detailed analysis of an extensive
experimental dataset and aims to characterise the shock
unsteadiness both at buffet onset and during the initial
rise in buffeting levels. The influence of passive con-
trol devices is investigated by analysing the clean wing
and two configurations with vane vortex generators. Un-
steady data obtained both with pressure transducers and
dynamic pressure-sensitive paint is analysed with signal
processing tools and using proper orthogonal decompo-
sition. We show that, while the vortex generators move
the shock position downstream and delay buffet onset by
up to 0.4◦, spanwise-travelling pressure waves propagate
along the shock in all configurations. Data from dynamic
pressure-sensitive paint provides critical insight into this
wave propagation which becomes increasingly complex
with increasing incidence.
1. INTRODUCTION
Shock wave-boundary-layer interaction (SBLI) over tran-
sonic wings induces boundary-layer separation leading
to a flow instability, called buffet, and subsequent struc-
tural vibration, called buffeting. A sufficient margin be-
tween the aircraft cruise point and buffet onset has to
be respected, necessitating a deeper understanding of the
buffet-onset flow physics. Recently, the Aircraft Re-
search Association Ltd. (ARA) and University of Liv-
erpool have acquired extensive experimental and numer-
ical datasets, generated during a Clean Sky project called
Buffet Control of Transonic Wings (BUCOLIC). The pri-
mary objectives of this project were to further the under-
standing of three-dimensional (3D) shock buffet and the
parameters affecting it, and to improve the flow charac-
teristics through buffet control devices.
While the 2D buffet phenomenon has been discussed
extensively, literature on the 3D phenomenon is more
limited. The former is characterised by self-sustained,
periodic shock motion having a narrow-frequency band,
typically at Strouhal numbers of 0.05-0.08 [1–3]. In con-
trast, 3D buffet is often described by a broadband fre-
quency content centred at Strouhal numbers of 0.2-0.6
[4–8]. Attempts to describe the shock motions and the
origin of separated flow have yielded contradictory re-
sults, especially for complex configurations such as civil
aircraft wings. Both numerical [9, 10] and experimental
[5] studies have suggested different flow mechanisms for
swept wings. Whereas rectangular and low-sweep wings
typically show chordwise shock movement, similar to the
2D case, at higher sweep angles spanwise-travelling pres-
sure unsteadiness aft of the shock has been obverved in
the form of buffet cells [9].
Control and delay of shock buffet is of particular in-
terest and has been studied both with passive and active
control devices [11]. Vortex generators (VGs) are typi-
cally used for passive flow control owing to their simplic-
ity. Although the mechanism responsible for delaying the
instability is unclear, VGs move the shock further down-
stream and reduce the overall unsteadiness levels [12].
Moreover, it seems that VGs are even more effective for
3D wings than for the 2D case [13, 14].
In recent experiments unsteady data using a large num-
ber of discrete transducers has been acquired to identify
pressure propagations in both chordwise and spanwise di-
rections [7, 8]. Furthermore, the advent of advanced op-
tical techniques such as dynamic pressure-sensitive paint
(DPSP) [15] has contributed significantly to the under-
standing of 3D buffet. Early studies, albeit having limited
spatial coverage, highlighted the potential of DPSP to re-
veal flow structures [16, 17]. During the BUCOLIC pro-
gramme, a comprehensive DPSP database covering al-
most the entire wing was acquired [18]. DPSP results
in huge volumes of data requiring complementary data
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analysis techniques. Spatio-temporal data enables data-
driven analysis using, for example, proper orthogonal de-
composition (POD) and dynamic mode decomposition
(DMD). Modal analysis has been performed on DPSP
data of low-speed flows [19, 20] and recently applied to
the BUCOLIC data with promising results [21].
This paper presents further analysis of the BUCOLIC
experimental dataset, with and without VGs. The aim is
to characterise the buffet unsteadiness and the influence
of the VGs. The experimental setup is first described, fol-
lowed by an overview of the data post-processing. Data
consistency between unsteady transducer and DPSP data
is highlighted and signal processing tools are used to
characterise the spectral content and pressure wave prop-
agation along the shock.
2. EXPERIMENTAL SETUP
2.1 Wind Tunnel and Model Information
The RBC12 half model representative of a large civil
aircraft wing-fuselage was tested in the ARA transonic
wind tunnel (TWT) in January 2015. The wind tun-
nel is closed circuit and continuous, with a test sec-
tion of 2.74m by 2.44m. The stagnation pressure was
maintained at 100 kPa while the stagnation temperature
ranged between 290K and 310K. The model was in-
stalled on a solid floor representing a symmetry plane and
the working section side walls and roof were 22% porous.
The model has a reference area of 0.295 92m2, mean
aerodynamic chord (MAC) of 0.278 89m and semi-span
of 1.0846m. The aspect ratio is 7.78 and the quarter-
chord sweep angle is 25◦. The Reynolds number based
on the MAC,ReMAC, ranged between 2.8 and 3.9 million.
Transition was fixed on both fuselage and wing by means
of sparsely distributed Ballotini set in a thin film of epoxy
resin. The location on the wing’s lower surface was set
at 5%, while this is at 10-15% on the upper surface. An
alternative transition configuration with transition set at
25% on the upper surface was also tested but is not dis-
cussed in this paper.
The structural frequencies of the model were com-
puted from the root strain gauge and accelerometer sig-
nals based on a wind-off tap test. This gives a first bend-
ing mode at 38Hz, higher frequency bending modes at
125Hz and 255Hz, and the first torsion mode at 328Hz.
The wind-on response at a Mach number, M = 0.80, and
low incidence shows similar aeroelastic modes resulting
from the wind-off structural modes, with an additional
peak at 114Hz and thought to be the second harmonic of
the first bending mode.
2.2 Instrumentation and Data Acquisition
A wide range of measurements were obtained with sev-
eral techniques. Starting with the model’s instrumenta-
tion, it was equipped with a total of 274 static pressure
taps, 27 unsteady pressure transducers, 8 accelerometers
and a root strain gauge, as shown in Fig. 1. The un-
steady signals were acquired at 100 kHz using the ARA
dynamic data acquisition system (DDAS). Total aero-
dynamic forces and moments were measured with a 5-
component strain gauge balance.
In addition, a DPSP system was employed to capture
the 3D flow development. Critically, this allowed surface
pressure measurements over almost the entire wing with
high spatial and temporal resolution, permitting deeper
insight into the flow physics governing transonic buf-
fet. Two high-speed Vision Research Phantom v1611 and
v1610 synchronised cameras were used, one for each sur-
face. The data points were recorded at 4000 frames-per-
second (fps) for 5 s, except for some data points of the
clean configuration filmed at 2000 fps for 10 s. The cam-
era resolution is 1280× 800 pixels, equivalent to around
1.3 pixel/mm on the wing, a bit depth of 12 bits and an
exposure time of 150-250 µs.
2.3 Experimental Configurations
Buffet control was investigated by testing two configura-
tions with vane VGs in addition to the clean wing. The
first control configuration, referred to as the full VG con-
figuration, consisted of 30 VGs at 32% chord, located be-
tween 63% and 91% semi-span. In the second control
configuration, 3 out of 4 VGs were removed, leaving 8
VGs in the sparse VG configuration. The VGs were de-
signed for maximum separation control rather than min-
imum drag, based on [22]. The VGs were set toed-in,
co-rotating at 17◦ with respect to the fuselage centre-
line, such that the vane angle was 25◦, based on a local
flow angle calculation of 8◦ inboard. The VG height of
1.3mm is based on the estimated boundary-layer thick-
ness upstream of the shock location at buffet onset at
M = 0.80. The VGs have a bottom length of 5mm,
taper ratio of 0.6, aspect ratio of 1.3 and 60◦ sweep. In
the full VG array, the spanwise spacing is equal to 10mm
resulting in a spanwise spacing to height ratio of 7.7.
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Figure 1: RBC12 model instrumentation.
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Each configuration was tested at a range of Mach num-
bers between 0.70-0.84, and several angles of attack be-
tween 0◦ and well beyond buffet onset at around 8◦. A
more complete description of the experimental setup is
reported in [18].
3. DATA POST-PROCESSING
This paper presents data obtained at one Mach number,
M = 0.80, and focuses on buffet onset and initial rise in
buffeting levels, with and without VGs. Transonic buf-
fet is an unsteady phenomenon and this paper focuses on
the analysis of unsteady pressure data obtained both with
unsteady pressure transducers and DPSP.
With regards to the unsteady pressure transducers,
power spectral densities (PSDs) were computed by
Welch’s method with a Hanning window and 50% over-
lap. The segment length was 16,384 giving a fre-
quency resolution of 6.1Hz. The DPSP images were pre-
processed to provide pressure at each pixel and time step
using the procedure described in [18]. This involves im-
age alignment to account for small camera movements
and normalisation to correct for changes in image inten-
sity. The latter was minimised by using a wind-on to
wind-off ratio at the same incidence. The pressure was
then computed based on a least-squares curve fit between
the image intensity ratio and the static pressure taps.
Proper Orthogonal Decomposition (POD) was applied
to the pressure snapshots using the vector-based approach
available in the modred library [23]. The mean flow
field was subtracted beforehand to highlight the unsteady
flow features and 10,000 snapshots were used. POD
modes have a spatial and temporal component and the
frequency content of each mode was extracted from the
PSDs of the temporal amplitudes using Welch’s method.
The parameters were the same as in the transducer data
processing, except that the segment length was 1000 and
500 for the 4000 fps and 2000 fps data points, respec-
tively, resulting in a frequency resolution of 4Hz.
4. RESULTS AND ANALYSIS
4.1 Experimental Buffet Onset Indication
In order to perform comparisons between the different
configurations, it is important to define the buffet onset
incidence. Ref. [18] studied several buffet onset indica-
tors [24], focusing on the clean wing data. Aerodynamic
indicators generally rely on the assumption that a clear
deviation from a smooth low-incidence trend occurs due
to significant flow separation. For this particular wing,
similar buffet onset angles were obtained based on the di-
vergence of the strain gauge and accelerometer response,
and aerodynamic indicators based on trailing edge (TE)
pressure divergence at 80% span and lift-curve slope re-
duction. Indicators based on the axial force and pitching
moment were less reliable. It should be noted that the
strain gauge directly measures the wing’s bending and is
the most reliable experimental indicator. Moreover, local
criteria such as TE pressure divergence require separation
to occur first at the TE, and can depend strongly on the
spanwise location where this occurs, which is expected to
vary between the clean and VG configurations.
In this paper, the root-mean-square (RMS) root strain
gauge divergence was chosen to define buffet onset for
the clean and VG cases. The RMS of the root strain gauge
response was computed from the DDAS signal, recorded
over 10 s. The signal was band-pass filtered between 22-
90 Hz to isolate the response to wing first bending mode
and is in arbitrary units. The break point and hence buffet
onset was taken as the cross-over point between linear
trends at low-incidence and the initial rise in buffeting
levels. This can be seen in Fig. 2 which presents the data
points for both clean and VG configurations. The curve
fitting is based on the fine-pitch runs, whereas the data
points having DPSP data, acquired during coarser-pitch
runs, are superimposed in the plot. Therefore, the buffet
onset angle is 2.7◦ for the clean wing, with the sparse
VG array delaying onset by 0.2◦ and the full VG array by
0.4◦. Furthermore, the linear trend slopes of the VG cases
are lower, implying that the VGs become more effective
in reducing the buffeting levels with increasing incidence,
until the RMS levels reach a plateau.
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Figure 2: RMS of root strain gauge signal for all three
configurations. (Filled symbols represent DPSP points;
unfilled symbols DDAS points)
4.2 Unsteady Transducers Data Analysis
Results obtained for the clean wing are presented first,
in order to introduce the buffet characteristics for this
particular wing. Fig. 3 shows the chordwise PSDs at
η = 0.80 at buffet onset, where η is the non-dimensional
span, η = Y/b. The transducer at x/c = 0.51 shows the
highest energy level, indicating the location of the shock;
x denotes the local chordwise coordinate, x = X −XLE,
while c denotes the local chord length, c = XTE −XLE.
A broadband bump, typical of 3D buffet, ranging be-
tween 50 to 140 Hz (0.05 ≤ St ≤ 0.15) is evident,
where St denotes the Strouhal number based on MAC.
The transducers at 80% chord and at the trailing edge start
to show increasing energy levels at buffet onset, centred
at lower frequencies at around 70Hz. The tone at 160Hz
corresponds to the wind-tunnel fan passing frequency at
M = 0.80. At this buffet onset incidence, analysis at
the other spanwise stations results in similar frequency
spectra having a broadband bump over the same range.
The frequency peak centred around 70Hz is consistent
across the span covered by the transducers between 77%
and 91%.
3
0 100 200 300 400 500
Frequency ( f ) [Hz]
0
1000
2000
3000
4000
5000
6000
7000
PS
D
[P
a2
/H
z]
DDAS Clean Wing: M = 0.80, α = 2.73◦
η = 0.80, x/c = 0.38
η = 0.80, x/c = 0.43
η = 0.80, x/c = 0.51
η = 0.80, x/c = 0.80
η = 0.80, x/c = 1.00
Figure 3: Chordwise PSDs at 80% span, α = 2.73◦
On the other hand, at higher angles of attack between
2.9◦ and 3.3◦, the spanwise frequency spectra across
the shock reveal that the prominent frequency within the
broadband bump changes across the span. Fig. 4 depicts
the PSDs along the shock in the spanwise direction at
3.3◦ incidence. This shows that the peak at 77% and 80%
span is at 70Hz, whereas this shifts to 110Hz at 88% and
91% span. It should be noted that the local chord length
of this tapered wing between the most inboard and out-
board transducers varies between 0.173m and 0.126m,
with the latter being less than half the MAC. This im-
plies that the Strouhal number of these peaks, when based
on the local chord, is around 0.05 at both spanwise lo-
cations, which is close to the values typically reported
for 2D buffet. Furthermore, at this incidence which is
0.6◦ above onset, the PSDs indicate broadband, higher
frequency fluctuations between 200 and 400Hz. These
fluctuations tend to be more prominent closer to the tip.
Moreover, while these are almost negligible at onset, the
energy of this higher frequency unsteadiness at the shock
increases with incidence, as shown in Fig. 5.
The analysis of the frequency spectra for the VG cases
reveals similar peaks to the clean wing. Fig. 6 presents
the frequency spectra across the shock for the VG cases.
At buffet onset (upper plots), these spectra between 77%
and 91% span are characterised by a broadband bump,
having their highest level around 70Hz. This is a com-
mon feature between the clean and VG cases and is coher-
ent across the span. However, as the incidence increases,
the 90Hz and 110Hz peaks become more energetic, es-
pecially closer to the tip. It should be noted that while the
spectra show some levels of unsteadiness at higher fre-
quencies between 180Hz and 250Hz, the control cases
seem to be suppressing the fluctuations between 200 and
400Hz that appear in the clean wing configuration at 0.6◦
beyond onset, outlined previously.
The chordwise location of the shock moves upstream
with increasing angle of attack. This is highlighted by
the transducers’ RMS levels, shown in Fig. 7. These are
computed at 80% span, as in Fig. 3. This shows that the
shock only reaches 43% chord at 2.9◦. At 3.3◦, the shock
moves further upstream and exhibits broader chordwise
oscillations, with both transducers at 38% and 43% chord
registering increased RMS levels. Furthermore, the RMS
at 80% chord and at the trailing edge increases steadily
with incidence, indicating greater levels of unsteadiness
associated with separated flow beyond buffet onset.
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Figure 4: PSDs corresponding to the shock along the
span, α = 3.30◦
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The influence of the VG arrays on the pressure fluc-
tuation levels can be seen in Fig. 7b and 7c. These are
computed for both VG configurations at 80% span, from
buffet onset to 0.6◦ above onset. First, both VG arrays
move the shock further aft, also corroborated by the static
pressure tap data. In fact, the shock does not reach the up-
stream transducer at 38% chord, even at 0.6◦ above onset.
Secondly, the overall RMS levels are lower, suggesting a
reduction in the shock oscillation amplitude. It is also in-
teresting to note that for the VG cases, the unsteadiness
at the TE does not diverge at 0.6◦ above onset, as in the
clean wing configuration.
4.3 DPSP Data Analysis - POD
One of the main advantages of the DPSP technique is that
it enables a continuous visualisation of the surface pres-
sure fluctuations. A POD analysis was performed on the
mean-subtracted pressure snapshots, hereinafter referred
to as AC pressure, as a means of identifying the dominant
structures in the flow.
It should be noted that the number of resulting POD
modes is equal to the number of snapshots used - 10,000.
The method ranks the modes based on the magnitude
of the eigenvalues, or POD energy. Visualisation of the
spatial component shows that in all the cases, the dom-
inant modes are either related to the structural response
of the model or the shock unsteadiness across the span.
Less dominant, higher-order modes are generally asso-
ciated with smaller scale perturbations within the shock
and fluctuations in the flow downstream. These become
increasingly contaminated with noise, and even higher-
order modes are just consumed by incoherent noise.
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Figure 6: Frequency spectra across the shock at buffet onset and 0.6◦ above onset; sparse VG array (left), full VG (right).
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Chordwise location (x/c)
0
500
1000
1500
2000
2500
3000
3500
4000
Si
gn
al
R
M
S
[P
a]
KA41−KA45 : η = 0.80
α =2.73◦
α =2.93◦
α =3.12◦
α =3.30◦
(a) Clean configuration, 80% span.
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Chordwise location (x/c)
0
500
1000
1500
2000
2500
3000
3500
4000
Si
gn
al
R
M
S
[P
a]
KA41−KA45 : η = 0.80
α =2.91◦
α =3.09◦
α =3.28◦
α =3.47◦
(b) Sparse VG configuration, 80% span.
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Chordwise location (x/c)
0
500
1000
1500
2000
2500
3000
3500
4000
Si
gn
al
R
M
S
[P
a]
KA41−KA45 : η = 0.80
α =3.11◦
α =3.29◦
α =3.47◦
α =3.67◦
(c) Full VG configuration, 80% span.
Figure 7: Influence of VG configurations on unsteady
transducer RMS levels at buffet onset and above.
The aim of this section is to show typical modes and
highlight consistency between this analysis technique and
data from the unsteady transducers. A number of domi-
nant modes at buffet onset for the clean and VG config-
urations can be seen in Fig. 8. At buffet onset, mode
1, having the highest eigenvalue, is dominated by noise
around the model’s instrumentation. This suggests a re-
lation with the structural response, as confirmed by the
temporal component of the mode, shown in Fig. 9. The
structural response can be seen in other modes, such as
mode 3 which is not included in Fig. 8. The dominant
shock unsteadiness is then picked out by the next modes.
In the case of the clean wing, mode 2 has greater spa-
tial amplitudes inboard, whereas mode 4 is more related
to the midspan region of the shock. Mode 5 then shows
greater unsteadiness outboard and highlights the shock
unsweeping near the tip, outboard of 92% span. The anal-
ysis of the temporal components in Fig. 9a shows that
modes 2 and 4 have similar frequency content, having a
broadband bump centred at 68 Hz. This bump then shifts
to higher frequency centred around 100Hz in mode 5.
This frequency content of the shock unsteadiness, and its
dependence on the span, is consistent with the unsteady
transducer data. The location of the transducers can also
be seen in the spatial plots, since these were covered by a
circular patch as a means of protection from the paint.
A similar pattern evolves in the way the shock un-
steadiness is captured by the modes in both of the VG
configurations. Once again, there is good agreement
between the transducer PSDs across the shock and the
modes’ temporal content, presented in Figs. 6 and 9, re-
spectively. Furthermore, the POD energy of the shock
unsteadiness modes in the VG cases is lower compared
to the clean wing, corroborating the decreased RMS lev-
els in the unsteady transducer signals for the VG cases.
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Figure 8: Spatial component of dominant modes related to the structural response and spanwise shock unsteadiness. The
spatial amplitudes are coloured from blue to red, representing opposite signs. The numbers in parentheses represent the
POD energy of the mode and the cumulative POD energy from the first mode until the respective mode.
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(b) Sparse VG configuration at buffet onset, α = 2.91◦.
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(c) Full VG configuration at buffet onset, α = 3.11◦.
Figure 9: Temporal content of dominant POD modes re-
lated to the structural response and shock unsteadiness.
A qualitative analysis based on the spatial component
highlights the interaction between the VG vortices and
the shock, creating a wavy pattern along the shock, also
observed in oil flow visualisations on the NASA Com-
mon Research Model (CRM) under similar conditions
[13]. Moreover, the further aft shock location as a result
of the VGs can be directly observed with the DPSP data;
this was not possible with the transducers. Furthermore,
it is clear that the chordwise oscillation of the shock is
reduced in the VG cases. These observations can be ap-
preciated more at higher incidences. Fig. 10 compares
the clean and full VG case at 0.6◦ above buffet onset in
terms of outboard shock unsteadiness, as captured by one
particular mode related to the latter. It can be observed
that in the VG case the shock does not reach the most
upstream transducers, consistent with the RMS levels in
Fig. 7c. In addition, the degree of shock unsweeping is
lower and occurs closer to the tip.
4.4 Spanwise Shock Motion Analysis
The qualitative assessment of the AC pressure snapshots
reveals an apparent spanwise movement of pressure un-
Figure 10: Outboard shock unsteadiness as captured by
POD modes at 0.6◦ above buffet onset; clean wing (left),
full VG configuration (right). Arrows indicate the most
upstream Kulite at 80% span, KA41.
steadiness along the shock, and also further downstream
depending on the incidence. This section discusses the
results of a spectral analysis performed along the shock
in order to characterise this motion.
First, the pressure snapshots were reconstructed using
POD modes that capture the shock unsteadiness, while
excluding modes predominantly related to the structural
response and incoherent camera noise. This results in a
pressure time-series that still captures the spanwise shock
motion but with much reduced noise. Then, the pressure
signals from pixels corresponding to the chordwise loca-
tion of the shock at several spanwise stations were ob-
tained, based on the highest AC pressure.
Starting with the clean configuration, the pressure an-
imations show inboard-running waves, propagating from
the tip to the root along the shock. This inboard prop-
agation starts below buffet onset and continues to occur
during the first rise in buffeting levels. However, the na-
ture of the spanwise motion changes with incidence. The
cross power spectral densities (CPSDs) of the pixel pres-
sure signals along the shock were computed as a means
to quantify this motion, following similar work based on
transducer data [7, 8]. It should be noted that throughout
the incidence range discussed in this paper, commencing
with the first rise in buffeting levels, high levels of co-
herence, greater than 0.7, were obtained across the span
typically between 60-110 Hz (results not shown explicitly
for brevity). Fig. 11 shows the phase variation at 80Hz,
around the centre of the broadband bump in the spectra,
for the incidence range just below and above buffet on-
set. The reference is taken at approximately 60% span
and a mostly linear variation of the phase angle results,
indicating a convective phenomenon [8]. The convection
velocity, Uc, is computed by Uc = 2pif × ∆Y∆φ , where
f denotes the frequency in Hz, Y is the spanwise coor-
dinate in m (positive outboard), and φ denotes the phase
angle in radians.
Following this relation, the positive gradient in Fig. 11
implies a negative Uc, and hence inboard wave propa-
gation. Therefore, it is shown that around buffet onset,
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Figure 11: Phase variation of the CPSDs at 80 Hz along
the shock; clean configuration, just pre-onset, at onset
and just post-onset (reference signal at around 60% span).
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Figure 12: Phase variation at 216Hz along the shock;
clean configuration at 0.2◦, 0.4◦ and 0.6◦ above onset.
the propagation is inboard from approximately 87% span,
and shows signs of direction reversal towards the tip. The
outboard propagation becomes more established above
buffet onset. Furthermore, similar phase plots were ob-
tained for other frequencies within the broadband bump,
highlighting the same phenomenon (not included herein
for brevity).
As the angle of attack is further increased, the same
inboard/outboard propagation from around 87% span re-
mains constant at the characteristic lower frequencies.
However, the animations also show outboard travelling
perturbations emanating from further inboard, starting
from 2.9◦ and becoming increasingly evident at 3.3◦
(0.6◦ above onset). At a higher frequency of 216Hz,
shown in Fig. 12, the phase of the cross-spectra has
an opposite gradient outboard of 70% span, suggest-
ing that this higher frequency is related to these distinct
outboard-travelling perturbations. It should be noted that
the higher-frequency dynamics are intermittent and have
lower coherence levels, and only signals of at least 2.5 s
enabled useful spectral analysis.
The same process was repeated using the unsteady
transducer data to check for consistency. It can be seen
in Fig. 13 that the phase variation between 77% and 91%
span follows the same trend as in Fig. 11. It should be
appreciated that while in this configuration the transducer
data is able to capture the reversal in the propagation di-
rection, this is not the case in the VG configurations, since
the reversal occurs further outboard of the transducers, as
discussed next. This highlights the greater insight into the
flow physics that can be extracted from the DPSP data.
Fig. 14 presents a comparison between the clean and
VG configurations at buffet onset, based on the phase
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Figure 13: Phase variation at 79Hz based on unsteady
transducers’ data; clean configuration at buffet onset.
This is consistent with that computed with DPSP data.
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Figure 14: Phase variation at 80Hz at buffet onset for the
clean, sparse VG and full VG configurations.
variation at 80Hz. It can be seen that in both of the VG
configurations, the characteristic inboard-running waves
are not being suppressed. However, a discontinuity in the
slope between 60% and 65% span can be observed. This
occurs in the region downstream of the most inboard VG
at 63% span. Moreover, the slope in the region down-
stream of the VGs (63-91% span) is lower than that in
the inboard region, suggesting a higher convection speed
in the region influenced by the VGs. This difference in
slope is also evident in Fig. 15, which presents a compar-
ison between the three configurations at 0.4◦ above on-
set. The convection speed of the inboard-running waves
for the clean wing can be estimated at 68m/s (0.26 U∞,
where U∞ is the freestream velocity). This lies between
the values reported in [7,8]. With regards to the VG con-
figurations, the convection speed is higher in the region
downstream of the VGs. In the case of the sparse ar-
ray, Uc increases to 83m/s (0.32 U∞), and to 117m/s
(0.45 U∞) in the full array. After the discontinuity down-
stream of the most inboard VG, in both cases the inboard
propagations then slow down to 57m/s. These values are
similar at buffet onset and at 0.4◦ above onset.
Furthermore, while all three configurations show signs
of outboard propagation near the tip, this occurs further
outboard in the VG configurations, more evident above
buffet onset in Fig. 15. In fact, in this case the rever-
sal occurs outboard of the VGs (91% span) and might be
related to the location of the shock unsweeping, which
occurs further outboard in the VG configurations.
Although the spanwise motion at buffet onset is sim-
ilar in the three configurations, that is mostly inboard-
running waves, there are distinct differences as the inci-
dence increases. It was highlighted that in the clean con-
8
0.4 0.5 0.6 0.7 0.8 0.9 1.0
Non-Dimensional Span (η) [-]
−180
−120
−60
0
60
120
180
Ph
as
e
A
ng
le
(φ
)[
◦ ]
Clean: α = 3.12◦
Sparse VG: α = 3.28◦
Full VG: α = 3.47◦
Figure 15: Phase variation at 80Hz at 0.4◦ above onset
for the clean, sparse VG and full VG configurations.
figuration, outboard-running propagations start to occur
beyond buffet onset and seem to have higher frequency
content than the more periodic lower-frequency, inboard-
running waves. In the case of the full VG array, as the an-
gle of attack increases and the shock moves upstream, the
shock curves distinctively just downstream of the most
inboard VG, as shown in Fig. 16. Moreover, the instanta-
neous snapshots start to show outboard-running perturba-
tions that seem to emanate from this area. This can also
be observed in the sparse VG case, but to a lower extent.
Identifying the frequency content of these propaga-
tions is more difficult, since these are intermittent. How-
ever, the PSDs show a bump around 216Hz and the
phase variation at this frequency has an opposite gradi-
ent when compared to the lower frequencies, suggesting
outboard propagation. Fig. 17 shows the phase variation
at 216Hz for the three configurations above buffet on-
set. There are lower coherence levels across the span at
this frequency and a linear phase variation is less clear.
In the case of the clean wing and sparse VG config-
uration, outboard-running waves propagate outboard of
around 70% span reaching the tip. In contrast, in the full
VG configuration such propagations are limited between
70% and 80% span. These observations are in line with
the qualitative assessment of the pressure snapshots. In
the full VG case, it seems that the predominant inboard-
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Figure 16: Mean surface pressure distribution in Pa. Full
VG configuration at buffet onset (left) and 0.6◦ above
buffet onset (right).
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Figure 17: Phase variation at 216Hz for the three config-
urations above buffet onset.
running waves slow down and ultimately stop the higher-
frequency perturbations.
5. CONCLUSION
This paper has presented further analysis of the buffet-
focussed BUCOLIC experimental dataset and has dis-
cussed the influence of vortex generators in delaying buf-
fet onset. The unsteady aspects of 3D shock buffet have
been analysed using data from both unsteady transducers
and dynamic pressure-sensitive paint (DPSP). The clean
wing and two configurations with vane vortex generators
(VGs) have been examined.
Model structural response data indicates that the sparse
VG array (8 VGs), and the full VG array (30 VGs) delay
buffet onset by 0.2◦ and 0.4◦, respectively. The frequency
content of the shock unsteadiness is characterised by a
broadband bump, typical of 3D buffet. The characteristic
frequencies are found to depend on both spanwise loca-
tion and angle of attack, as revealed both with unsteady
transducer signal processing and a proper orthogonal de-
composition of the DPSP data. It has been shown how
the DPSP data is invaluable in revealing details of the 3D
development of the shock structure and spanwise motion
along the shock. In effect, the DPSP data is producing
the equivalent of one transducer per image pixel.
In all configurations at buffet onset, the frequency con-
tent of the broadband bump between 50-150Hz, equiv-
alent to Strouhal numbers of 0.05-0.15 based on MAC,
is lower than typical values reported for 3D buffet. Fur-
thermore, the peak frequency within the broadband range
shifts to higher frequency near the tip. The VG con-
figurations move the shock downstream, while reduc-
ing the chordwise extent of the shock motion. A wavy
shock pattern results due to interactions with the vor-
tices, as directly visualised with DPSP. Moreover, within
the incidence range analysed, the VGs suppress higher-
frequency unsteadiness between 200 and 400Hz that ap-
pears at 0.6◦ above buffet onset in the clean wing con-
figuration. The spanwise-travelling pressure waves along
the shock have been characterised by performing a spec-
tral analysis. This reveals inboard-running waves along
the shock, at the frequencies within the broadband range.
These propagate faster downstream of the VGs, with
the convection velocity almost doubling in the full VG
case, compared to the clean wing. As the incidence
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increases, distinct, outboard-running, higher frequency
propagations appear at different spanwise locations de-
pending on the configuration, which are intermittent and
less coherent across the span.
This study contributes to the understanding of the com-
plex flow physics of 3D shock buffet and has further de-
scribed pressure wave propagations along the shock, with
and without the influence of VGs. These waves have been
analysed over a wider spanwise range when compared to
previous studies relying on discrete transducers, as a re-
sult of using DPSP. This analysis has been limited to the
shock unsteadiness and has not completely explained the
flow physics at buffet onset. Further work needs to be
done in the region aft of the shock to analyse the unsteadi-
ness associated with the separated flow.
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